Abstract : A method for the operation plan optimization of energy networks is reported on in this paper. The method optimizes the operation of heat source equipment and pump. Its main feature is to consider the loss of pressure in pipes. All equations are linearized and the optimization is calculated by using MILP. This method is applied to energy networks with two connected areas. Those areas have facilities with different efficiency and different demand properties. The results of optimization verified the energy saving effect, in comparison with discrete areas.
Introduction
Energy networks using control techniques and information technology are attracting attention. They are used to build an optimal energy supply structure. And they are characterized by their combination of energy generation equipment, renewable energy, and unused energy. The energy generation equipment includes cogeneration, fuel cells, boilers, refrigerators, etc. Renewable energy is defined as solar power, solar thermal and wind-generated electricity. An example of unused energy would be waste heat.
Some energy networks have recently been researched and developed. For example, urban development to reduce CO 2 has been progressing in the Eastern district of the Tamachi area in Tokyo. This is characterized by using a network containing heat, electricity, and information, which can control the customer-side equipment [1] . Also, cold water cooperation between District Heating and Cooling (DHC) plants has also been attempted in the Yurakucho, Otemachi, and Marunouchi districts in Tokyo [2] . Further studies have focused on energy networks in which each home interchanges heat and electricity generated by fuel cells [3] , [4] . Moreover, the optimization of operational planning of energy equipment on energy networks has also been studied [5] .
Under these precedents, a thermal energy network is focused on in this paper. In energy network the length of plumbing is long, so power of pumps is more effective. Therefore in this analysis pressure drop is considered in detail.
The control method in this paper consists of two techniques. One is a piping network analysis to evaluate the pressure drop, and the other is an operation optimization method for heat source equipment.
The heat interchange optimization technique is introduced below, and the calculation results of the reduction in CO 2 emissions are shown. In that calculation, two regions which are connected by pipes for heat interchange are analyzed. These
Heat Interchange Optimization Technique
The optimal method we developed is a combination of a piping network analysis and optimization of a heat source equipment operation plan. Thus, pressure drop in the pipes can be taken into account.
In this optimization, the objective function J is the total CO 2 emissions or the cost due to the energy consumption of the heat source equipment E(i, k) and the pump power consumption E p (m, k) in Eq. (1).
The optimization variables are the load factor (which is the value obtained by dividing the operating power by the rated output), the 0-1 variable indicating that the heat source equipment if on or off, the flow rate of the pipe, the pressure drop for each customer ΔP o (heat exchangers and flow control valves), and the pressure drop on the supply side ΔP s (flow control valves and heat source equipment). For solving this problem, Mixed Integer Linear Programming (MILP) is adopted.
The J (kg or Y =) in this equation represents the objective function (total CO 2 emissions or cost), E (kW) is the energy consumption at time k of heat source equipment i, E p (kW) is the energy consumption at time k of pump m, and α and β p (kg/kW or Y =/kW) are the conversion factors for the CO 2 emissions or cost. The planning period for operations is 24 hours, and the time interval for the analysis is one hour in this calculation. Details of energy consumption E and the pumps power consumption E p are explained in the following chapter.
The total heat supply q S from the heat source equipment in a thermal energy network can be represented by using Eq. (2), because the waste heat and renewable energy needs to be considered:
q S (kW) is the amount of heat supplied from all the heat source equipment by gas or grid power. q R (kW) is the amount of heat generated by renewable energy. of heat generated by exhaust heat from factories, etc. q D (kW) is the heat demand of all the customers. The total energy consumption of the energy network is minimized by taking all these into consideration.
Modeling of Heat Source Equipment
The energy consumption characteristics of heat source equipment for the load factor are shown in Fig. 1 . In general, the energy consumption characteristics of heat source equipment are non-linear with respect to the load factor. The energy consumption E of heat source equipment must be linearized in order to use mixed integer linear programming, so piecewise linear approximation has been used in this analysis (Fig. 1 ). The energy consumption of the heat source equipment i at time k is expressed by using Eq. (3) in this case:
Here, E is the energy consumption, i is the number of heat source equipment, j is the split section number, x is the load factor at time k of i, z is a 0-1 variable indicating the selection of interval j, a is the proportionality coefficient of the energy consumption in interval j, and b represents the energy consumption sections in interval j.
Evaluation of Heat Conduit Network Pressure Drop
When the thermal energy is supplied by dispersed heat source equipment, the energy consumption of the pump changes even in same thermal demands. This is because the flow pattern of the heat conduit network is altered by the output of heat source equipment. Therefore, pressure drop must be evaluated by conducting a piping network analysis.
In this analysis, the heat supply system of hot and cold water has a standard configuration. The pump of the heat supply plant provides lifting height for sending the heat transfer medium, and the differential pressure control valves control the differential pressure of the end. A pressure distribution diagram [6] in the heat conduit network is shown in Fig. 2 .
The differential pressure control valves keep differential pressure constant (ΔP b ). The pump head in the heat supply plant is the sum of pressure drop. Those are from flow regulating valves and heat exchangers on the customer side, heat piping, the flow control valves, and heat source equipment (ΔP a ) at the DHC plant.
For evaluating pressure drop, the Hazen-Williams equation (4) is adopted. This is a practical equation used for the pipe network analysis of water supply systems [7] : Here, p is the heat conduit number, ΔP (MPa) is the pressure drop of heat conduit p, α is the unit conversion factor (mAq→MPa), c ( -) is the flow rate coefficient, d (m) is the inner diameter of the heat conduit p, L (m) is the length of heat conduit p, and Q (m 3 /h) is the flow rate of heat conduit p. A junction of each heat conduit is shown in Fig. 3 . In this point, the flow conservation law (Eq. (5)) is established, and the pressure of each pipe takes a common value (Eq. (6)):
Here, p , p is the heat conduit number, n is the node number. Pump head is determined from the pressure distribution of the pipes. Thus, the power consumption of the pump Eq. (1) is evaluated by Eq. (7) using the pump head H (MPa):
Here, ρ (kg/m 3 ) is the heating medium density, g (m/s 2 ) is the gravitational acceleration, γ ( -) is the coefficient, and η ( -) is the pump efficiency.
Piecewise linear approximation is used for Eq. (4) in order to use MILP. The pressure drop and the flow rate of the heat conduit are analyzed as a negative value when the direction of flow is reversed. Thus, the graph of the relationship between the flow rate and pressure drop is as shown in Fig. 4 .
Piecewise linear approximation is also used for the Q-H characteristics and pump power consumption (Eq. (7)). The graph for these Q-H characteristics is shown in Fig. 5 .
Estimates of CO 2 Emissions Reduction

Analysis Condition
Analysis object
The aim of this analysis is to evaluate the reduction of CO 2 emissions. For this purpose, an estimate is made for two areas connected by a heat conduit and when heat interchange is carried out (Fig. 6 ). This evaluation is intended for summer situations and assumes that there are power and cold water demands, which are shown in Fig. 7 . These demand curves are made from the typical rate of heat consumption of each consumer in 24 hours. Region 1 is a residential area, so cold water demand peaks during the evening. On the other hand, Region 2 is a commercial area, so cold water demand is almost constant during the day but nonexistent at night. Exhaust heat of the incineration plant is almost constant at 4000 kW all day (Fig. 8) . A comparison is made to evaluate the effect of CO 2 reduction due to heat interchange when Regions 1 and 2 are separated.
Condition of equipments
Each DHC plant in districts 1 and 2 has the same equipment and supplies both power and cold water (Fig. 9) . Each plant also uses cogeneration waste heat, solar thermal waste heat, and incineration plant waste heat for generating cold water. Waste heat is changed into cold water by an absorption refrigerator that utilizes waste heat. Power is supplied by solar panels or the cogeneration. The cold water is supplied by waste heat absorption refrigerators, absorption refrigerators, and turbo refrigerators. Boilers generate the steam for absorption refrigerators. For cogenerations, reverse power flow is not permitted, and they are stopped at night time from 22:00 to 7:00. Table 1 lists the capacity and number of each piece of equipment. These values are the same in each plant.
The efficiency of all the heat source equipment in plant 1 is 10% higher than that of plant 2. Each COP characteristic is shown in Fig. 10 . The structure of the heat conduit model is shown in Fig. 11 . The pumps are installed in the DHC plants for the cold water system and in the incineration plant for the supply of hot waste water. Table 1 Conditions of equipment (of each plant). 
Conditions of heat conduit
Analysis conditions of heat conduit are listed in Table 2 . Heat conduit diameter is decided by considering the standard flow rate 2-4 m/s.
For pumps, necessary head is different before and after heat interchange. Thus, the values in Table 3 are determined by referring to the value of pressure drop for sending a heat medium to the end.
In these conditions described in 5.1.1-5.1.3 the number of variables is about 10 thousands. And the number of integer (0-1) of those are about half. Figure 12 shows the amounts of cold water supplied by DHC plants 1 and 2 before and after networking.
Results
Plant output
Before networking, each plant supplies the cold water for each region. On the other hand, after networking, the amount of cold water from DHC plant 1 increases, and that from DHC plant 2 decreases. This is because the efficient heat source equipment in DHC plant 1 (shown in Fig. 10 ) is preferentially used.
The amount of waste heat consumption is shown in Fig. 13 . The waste heat is used only during the day before networking. On the other hand, after networking, it is used at night when the cold water demand of Region 1 is greater. 
Rate of energy source generating cold water
The rate of energy source generating cold water of the DHC plants is shown in Figs. 14 (plant 1) and 15 (plant 2). They are separated to before and after networking.
In plant 1 in Fig. 14, waste heat is used from 7 to 22 h before interchange. This is because cogeneration could generate waste heat water during this time. On the other hand, electricity is used all day. The reason is that turbo refrigerators that use electricity have high COP values as shown in Fig. 10 . Steam is only used when the turbo refrigerator supplies its full capacity. The trend after networking is almost the same as before networking. The difference is that waste heat is used all day. This is because plant 1 was able to use incineration plant waste heat water from the incineration plant.
In plant 2 in Fig. 15 , before networking the use of energy is similar to that in plant 1. Plant 2 was not able to use waste heat of the incineration plant at night, because it does not have cold water demand. After networking, steam is not used entirely. The reason is that plant 1 sent more cold water after networking than before networking as shown in Fig. 12 . Thus, plant 2 did not need to use relatively inefficient equipment.
This information helps to prove that the total efficiency of the two regions is improved. This is by using hot waste water that is not available except during the day and by suppressing the supply of cold water from relatively low efficiency facilities. Table 4 Energy loss of heat conduit network.
Reduction effect of CO 2 emissions
The amounts of CO 2 emissions before and after networking are compared in Fig. 16 .
The gas consumption of cogeneration is increased. On the other hand, the gas consumption by others is reduced. The amount of power purchase is also decreased. This is because cogeneration is made high efficiency by using electricity and waste heat. Thus, the operation of less efficient equipment is reduced, so the total efficiency of the entire area is high. On the other hand, the power consumption of the pumps is increased in accordance with networking as classified in Table 4 .
After networking, the electricity consumption is about twice as much as before. And the percentage of total power consumption changes from 19% to 42%.
However, the effects of hot waste water usage and the priority use of high efficiency equipment are larger. Thus, the CO 2 emissions of regions 1 and 2 are reduced as a whole. As a result, the amount of CO 2 emissions is reduced by about 7% after heat interchange.
So if the pipe of heat interchange is longer, the effects could be offset. For example, in case the length of that pipe is 10 km, CO 2 emissions of after networking are larger than before. So it is important to estimate the effects beforehand.
Conclusion
A method for calculating heat interchange was developed and presented in this paper. The method consists of piping network analysis and operation optimization for heat source equipment. We applied our method in a test case and confirmed that the CO 2 emissions were reduced by the heat interchange.
